Drosophila methyltransferase (Mt2) has been implicated in methylation of both DNA and 2 tRNA. In this study, we demonstrate that loss of Mt2 activity leads to an age dependent decline of 3 immune function in the adult fly. A newly eclosed adult has mild immune defects that exacerbate 4 in a fifteen-day old Mt2 -/fly. The age dependent effects appear to be systemic, including 5 disturbances in lipid metabolism, changes in cell shape of hemocytes and significant fold changes 6 in levels of transcripts related to host defense. Lipid imbalance, as measured by quantitative 7 lipidomics, correlates with immune dysfunction with high levels of immunomodulatory lipids, 8 sphingosine-1phosphate (S1P) and ceramides, along with low levels of storage lipids. Activity 9 assays on fly lysates confirm the age dependent increase in S1P and concomitant reduction of S1P 10 lyase activity. We hypothesize that Mt2 functions to regulate genetic loci such as S1P lyase and 11 this regulation is essential for robust host defense as the animal ages. Our study uncovers novel 12 links between age dependent Mt2 function, innate immune response and lipid homeostasis. 13 14 KEYWORDS 15
INTRODUCTION
Innate immunity (Janeway and Medzhitov, 2002) is an evolutionary conserved host 20 defense mechanism present throughout the plant and animal kingdoms. It is the predominant form inefficiency of the Mt2 -/hemocytes in clearing the bacterial load in the animal. Based on the above 122 results, we tested transcript levels of serpent (srp), a gene involved in regulating hemocyte 123 morphology and phagocytic function (Petersen et al., 1999; Ramet et al., 2002; Shlyakhover et al., 124 2018) for 15 day old flies. Srp shows reduction in transcript levels (Fig. 2D ). This suggests that 125 Mt2 regulates srp/Srp expression directly or indirectly, affecting the cellular arm of immunity. We 126 then measured transcript levels, for 15 day old animals for eater (Kroeger et al., 2012) and u-127 shaped (Muratoglu et al., 2007) , genes known to be critical for hemocyte phagocytosis and 128 hemocyte cell proliferation, respectively. We find that these transcripts are significantly lower in 129 Mt2 -/flies as opposed to wild type and the rescue flies ( Fig. 2E ), again indicating a decline in the 130 ability of flies to mount an effective cellular transcriptional response to infection. The above data 131 strongly suggests that Mt2 plays a key role in maintenance of healthy immune response in older 132 flies via transcription of genes involved in the cellular arm of fly immunity. This Mt2 function 133 appears to become more critical as the fly ages. In the next section, we tested the transcriptional 134 levels of gens that code for the anti-microbial peptides, Diptericin (Dipt), Attacin D (AttD) and 135 Drosomycin (Drs). These genes are activated by Toll/NFkB or IMD/NFkB signaling and serve as 136 readout for these pathways. For this experiment, males of the correct age were infected with E. coli and transcript levels were 140 measured at 0 and 6 Hours post-infection. Wild type flies two days post eclosion, showed 275 fold, 141 75 fold and 100 fold increase in transcripts for Dipt, AttD and Drs respectively on infection. In 142 contrast, all three genes showed 800 fold, 140 fold and 175 fold increase in transcripts for Dipt, 143 AttD and Drs respectively (Fig. 3A) for Mt2 -/-. For Mt2-TG, the transcript levels were similar to 144 Mt2 +/+ . This suggests, that in younger (2 Day) Mt2 -/animals, the humoral immune response is 145 robust and may be stronger than that in wild-type flies. For15 day old Mt2 -/flies, transcripts of all 146 three genes, Dipt, AttD and Drs were minimally responsive to infection ( Fig. 3B ), indicating a 147 breakdown in signaling or lack of transcription by the NFkBs, DL, Dif and REL. Suppl. Fig 1B) . We found that the immuno-modulatory lipids, sphingosine-1-phosphate (S1P) and 155 ceramides of varying fatty acid chain lengths, accumulated 2-3 fold in Mt2 -/flies as compared to 156 their WT counterparts. Concomitantly, the downstream products of sphingolipid metabolism (Fig. 157 5A), TAGs and phosphoethanolamine (PE) showed a ~25% decrease in Mt2 -/flies (Suppl. Fig.   158 1B). The levels of lipids in the Mt2-TG rescue line was comparable to wild type. We found that 159 several other lipid classes including neutral lipids, phospholipids (except PE), sphingomyelins, 160 and sterols remained unchanged indicating a specific role of Mt2 in regulation of sphingolipid 161 metabolism (Acharya and Acharya, 2005; Kraut, 2011; Saba and Hla, 2004) , especially those 162 important in immune signaling (Rivera et al., 2008) . Next, we checked if, as in case of immune 163 regulation, Mt2 also regulates lipid homeostasis in age-dependent manner. And indeed, Mt2 -/-164 showed comparable levels of S1P till day 3 post eclosion, but, by day 5, S1P starts to accumulate 165 in these mutants as compared to controls (Fig. 4C ). This accumulation is more profound as the fly 166 ages (Fig. 4C ). This accumulation of S1P led us to probe if the enzyme Sply, that converts S1P to 167 PE ( Fig. 5A ), is affected. We observed a direct correlation between S1P accumulation and the 168 failure of Mt2 -/flies to increase Sply activity with age as compared to controls ( Fig. 4D ).
169

DISCUSSION
170
Organisms have to manage energy in order to survive. Energy homeostasis is dependent 171 on energy uptake, storage and expenditure. Since feeding is a discontinuous process, energy is summarizes Drosophila sphingolipid metabolic pathways). In sphingolipid metabolism levels of 186 storage metabolites such as S1P, ceramides and TAG have to be maintained in a dynamic manner 187 for cellular homeostasis. Drosophila mutants have contributed to insights into critical roles for 188 sphingolipids in biological function. For example, mutants for sphingosine kinases (Sphk), which 189 generate the important intra and intercellular signaling molecule S1P, and S1P-lyase (Sply) (Lovric 190 et al., 2017) , which breaks S1P down, have interesting developmental defects. Sply mutants show 191 severe flight muscle defects as well as activation of apoptosis in reproductive organs (Herr et al., 192 2003; Phan et al., 2007) , presumably by accumulating S1P. Sphk mutants should have reduced 193 S1P and accumulate Sphingosine. Sphk2 mutants, in fact, have flight defects and reduced fecundity 194 (Herr et al., 2003) . Sply phenotypes can be rescued by mutations in lace, which codes for a serine 195 palmitoyl transferase that is a critical rate limiting step for ceramide synthesis. Ceramides act as 196 regulators of apoptosis and are also shown to directly affect phophorylation of retinoblastoma (Rb) 197 in response to TNFα signaling (Lee et al., 1996) . S1P, in mammalian context, is shown to function 198 via GPCRs and is suggested to regulate events such as cell shape change in PC12 cells (Edsall et 199 al., 2001) . 200 We find that Mt2 -/mutants are unable to deal with infections as they age. As early as 15 201 days post eclosion, mutant flies are severely compromised in terms of their ability to clear 202 infection, with plasmatocytes having disproportionately high number but defective shape. This 203 finding parallels an imbalance in lipid homeostasis. Quantitative lipidomics confirms that S1P 204 levels are four-fold higher than in controls, though sphingosine levels are normal. This would 205 suggest, based on our current understanding of S1P regulation that Sply activity may be reduced.
206
This is confirmed by enzyme activity assays in fly lysates that show reduction of Sply activity 207 ( Fig. 4D ). Reduction in activity does not appear to be a result of lower transcript levels as sply 208 mRNA levels do not decrease significantly (data not shown). The phenotypes could be due to 209 errors in translation due to tRNA methylation defects earlier reported in Mt2 mutants.
210
Alternatively, sply could be regulated in tissue/immune specific manner in flies in a way similar 211 to seen in C. elegans, where expression of S1P lyase is regulated by GATAA-like transcription 212 factors and limit its expression to gut (Oskouian et al., 2005) . In Drosophila, Srp is one of the 213 GATAA-like transcription factors known to regulate Aldehyde dehydrogenase (Abel et al., 1993) 214 and immune specific genes in tissue specific manner (Petersen et al., 1999; Senger et al., 2006) . It 215 would be interesting to see whether there is any regulatory link between Srp and Sply and if Mt2 216 plays a key role in this communication.
217
The lipidomics data also suggests that Ceramide levels are higher while neutral lipids are reduced 218 suggesting more than one link in lipid metabolism affected in Mt2 -/mutants. The three-fold 219 increase in Ceramide levels suggest either a backflow from Sphingosine, which is maintained at 220 normal levels, or increased activity of enzymes that metabolize Ceramide. Curiously, TAG levels 221 are low which may suggest that the conversion of Ceramide to TAG via DAG is overactive in 222 order to compensate for the low TAG levels. The decreased TAG levels suggest either a need for 223 energy in the animal of a malfunction of enzymes ( Fig. 5A ) maintaining homeostatic levels of 224 TAG.
225
The defective 'sickle'-shaped hemocyte morphology ( Fig. 2B , C) suggest architectural 226 problems in maintaining the shape of the cell; with lipid homeostasis being a prime candidate.
227
Since sphingholipids are critical for membrane architecture, the aberrant morphology and 228 subsequent inability to function as macrophages may be a consequence of a reduction of 229 sphingolipids. Mutations in S1P lyase have been implicated in regulation of cell shape with our 230 data suggesting its malfunction being a specific cause of sickle morphology.
231
The correlation between imbalance in lipid homeostasis and host defense is a less explored 232 area of research. It is understood that with environmental or nutrient stress, accumulation of lipids 233 or signaling intermediates can interfere with immune regulation (Ertunc and Hotamisligil, 2016) . 234 Sphingolipid imbalance has been specifically linked to a number of studies (Bandhuvula and Saba, 235 2007; Bektas et al., 2010; Park et al., 2013; Rivera et al., 2008; Vijayan et al., 2017; Weber et al., 236 2009), but universal mechanisms are lacking.
237
Our study puts the spotlight on age-dependent regulation of lipid homeostasis and immune function has a history of dispute (Krauss and Reuter, 2011; Yoder and 244 Bestor, 1996) over its importance in the growth and development of the organism and also its 245 molecular function. Low levels (0.1 -0.6%) of 5-genomic methylcytosine (5mC) have been 246 detected in Drosophila (Capuano et al., 2014; Panikar et al., 2015; Takayama et al., 2014) with 247 dynamic, developmental stage specific alteration in methylation patterns in Mt2 null animals 248 (Panikar, 2018; Takayama et al., 2014) . Under normal conditions, complete knockdown of Mt2 249 has no visible survival defects, not only in flies, but also in rat and plant models (Goll et al., 2006) .
250
This led to a belief that Mt2 is not a vital gene for the organism. We, along with others, show that 251 Mt2 is required for increased lifespan under stress conditions. Here, in addition, we propose a 252 novel function for Mt2 in regulating steady increase in Sply activity, a phenomenon essential to 253 keep S1P levels in check as the fly ages. In absence of Mt2 function, this regulatory mechanism is 254 lost, S1P starts to accumulate with age, leading to adverse effects on the ability of the fly to deal 255 with infection. Our study, thus uncovers a novel and unexpected relationship between Mt2 256 mediated activity, age associated lipid homeostasis and the robust nature of the immune response.
257
EXPERIMENTAL PROCEDURES 258
Flystocks. Wild-type, W1118 (Mt2 +/+ ), Mt2 null Mt2 -/-(Dnmt2 99 ) and 259 transgenic rescue Mt2-TG (w1118; pGeno>>Dnmt2-EGFP (Schaefer et al., 2008) ) flies were 260 maintained on standard corn meal medium at 25°C. Mt2 -/and Mt2-TG flies were provided by Dr.
261
Frank Lyko (DKFZ, Germany) and Dr. Matthias Schaefer (MFPL, Austria, Vienna) respectively.
262
The lines were validated by measuring transcript levels in Mt2( -/-), genomic PCR to confirm 263 deletion as described by and PCR followed by sequencing to confirm Mt2-264 TG flies (data not shown). 
279
Hemocyte count. Hemolymph was extracted as described (Neyen et al., 2014) . In brief, 15 flies (1 280 day and 15 day old males) from each genotype were placed on a 10 µM filter spin column 281 (ThermoFisher, Cat. No. 69705), covered with 4 mm glass beads (Zymoresearch, Cat. No. S1001
282
Rattler TM ) and centrifuged for 20 min at 4 °C, 10 K rpm in a microcentrifuge. The extracted 283 hemolymph was collected in 20µL of 1X PBS solution containing 0.01% phenylthiourea, to 284 prevent melanization of hemolymph, and counted using a Brightline hemocytometer as described 285 (Kacsoh and Schlenke, 2012) . The experiment was repeated thrice for each genotype. The total 286 number of hemocytes per fly was plotted and One-Way ANOVA was performed in GraphPad
287
Prism 5.0 to analyze the results. Mt2 -/genotypes were isolated as described in an earlier section. The drop of hemocytes was 300 allowed to settle down on silicon wafer for 30 minutes at room temperature. Hemocytes were then 301 washed with 20µL of 1X PBS (Phosphate buffered saline, pH 7). 20µL of fixing solution (50% 302 ethanol, 5% acetic acid and 1% Para-formaldehyde) was added on to cells and kept overnight at 303 4 O C in a clean chamber. Next day cells were washed with 50%, 70%, 90% and 100% ethanol, air 304 dried and imaged using Zeiss FE-SEM. Circularity index was calculated using Image J software 305 (Circularity plugin). A perfect circle gets indicated by circularity value of 1.0 and as this value 306 gets closer 0, it indicates an elongated polygon.
307
Lipid extraction for thin layer chromatography (TLC): Lipid isolation was done using a modified 308 Folch extraction protocol (Kamat et al., 2015) . Briefly, 5 whole adult males were crushed in 1ml 309 DPBS in a glass vial and 1ml Methanol was added, and the mixture vortexed. Thereafter, 2ml of 310 chloroform was added to these samples and vortexed vigorously. The sample was then centrifuged 311 at 2800g for 5 minutes to separate the aqueous and organic phases. The organic phase (bottom) 312 containing lipids was collected in clean glass vial. To enrich for phospholipids, the aqueous layer 313 was acidified using 2.5% v/v formic acid, and re-extracted using 2 ml choloroform, and the two 314 phases were separated by centrifugation at 2800g for 5 mins. The two organic phases were pooled 315 and dried using N 2 gas. The sample was spotted onto silica TLC plates using a glass capillary. The 316 solvent system used was that of Wilfling et. al. (Wilfling et al., 2013) with minor modifications.
317
The TLC was run using two different mobile phases sequentially. The first solvent was a mixture 318 of n-hexane/diethyl ether/acetic acid (70:30:1). The first solvent was run halfway upto the top of 319 the plate, after which the plate was air-dried. The plate was then run in solvent mixture of n-320 hexene:diethyl ether (59:1). The plate was dried and visualized by spraying with 10% (w/v) CuSO 4 321 in 8% (v/v) H 3 PO 4 followed by baking in the oven above 150 o C for 20 mins. The plates were 322 scanned and quantified using Image J-software.
323
Quantitative lipidomics: All lipid extractions were done as described above, with small 324 modifications (Kamat et al., 2015) . Briefly, the 5 whole adult males were washed with PBS (x 3 325 times), and transferred into a glass vial using 1 mL PBS. 3 mL of 2:1 (vol/vol) CHCl 3 : MeOH with 326 the internal standard mix (100 pmol of each internal standard listed in Suppl. Table 3 ) was added, 327 and the mixture was vigorously vortexed. The two phases were separated by centrifugation at 328 2800g for 5 minutes. The organic phase (bottom) was removed, 50 µL of formic acid was added 329 to acidify the aqueous homogenate (to enhance extraction of phospholipids), and CHCl 3 was added 330 to make up 4 mL volume. The mixture was vortexed, and separated using centrifugation described Data for individual lipid moieties can be found in Suppl. Fig. 1B and Suppl. Tables. N=5, n=2.
(C) Age dependent assay measures S1P levels in adult flies from day 1 to day 15. When compared to Mt2 +/+ or Mt2-TG, S1P levels in Mt2 -/flies start accumulating 5 days post eclosion. By day 10, the levels are approximately 5-fold higher than that of controls. N=4, n=2.
(D) Enzyme activity assay shows change in Sply activity in Mt2 -/adult whole body extracts from day 1 to day 15. Sply activity does not increase in Mt2 -/flies with age as compared to controls. N=3, n=5. 
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